ABSTRACT Objectives: To assess general practitioners (GPs) experience from the implementation and use of a renal computerised decision support system (CDSS) for drug dosing, developed for primary healthcare, integrated into the patient's electronic health record (EHR), and building on estimation of the patient's creatinine clearance (Cl CG ).
INTRODUCTION
Computerised decision support systems (CDSS) can help to achieve a more individualised and safe drug therapy when integrated into the electronic health record (EHR). 1 Knowledge about how CDSS applications for rational pharmacotherapy should be designed and tested to be able to provide proof-of-concept documentation has increased during the past years. [1] [2] [3] [4] However, a CDSS for drug dosing in patients with impaired renal function, and implemented in primary healthcare (PHC), was not present at the time when we initiated the development of our renal CDSS. 5 6 Decreased renal function is a well-known source for variability in drug response. 7 Elderly patients may have decreased renal function due to physiological changes and due to age-related diseases, for example, atherosclerosis, heart failure and diabetes. [8] [9] [10] The clinically used plasma (P-) creatinine is unreliable as a measure of renal function, particularly in the elderly. These patients may have reduced muscle mass with P-creatinine values within the reference range, even when creatinine clearance is below 50 mL/min, as shown in the study of digoxin. 11 The renal clearance of drugs is usually correlated to the creatinine clearance, estimated as an absolute value in mL/ min using different equations including the
Strengths and limitations of this study
▪ This study presents a renal computerised decision support system (CDSS) that provides easily available advice in short evidence-based texts, with explanations and references within reach for pharmacotherapy of patients with decreased renal function. ▪ According to questionnaire responses and a focus group discussion, the study showed that the GPs' appreciated the CDSS and found it easy to use and useful. ▪ This was a small-scale project, and larger tests in other settings would be useful.
most established one, the Cockcroft & Gault formula (here denoted by Cl CG ). 12 13 The renal function is important for the choice of drugs and for optimal dosage of drugs with renally excreted parent drug and active metabolites. These may reach high or even toxic plasma concentrations with non-adjusted doses. 14 15 Estimation of renal function is a surrogate for renal drug clearance. Adequate dosages are best obtained by measuring plasma concentrations of the drug (Therapeutic Drug Monitoring). 16 17 Inappropriate drug dosing may result in pharmacological adverse drug reactions (ADRs; type A), dosedependent and concentration-dependent, thus being predictable and theoretically preventable. 6 18 19 We and other researchers have shown that many ADRs in elderly patients are linked to low renal function and renal risk drugs, that is, drugs that should be avoided or are contraindicated, need dose adjustment, or are without effect in decreased renal function. [20] [21] [22] A CDSS adapted to provide advice and guidance for selection and dosage of drugs in patients with decreased renal function has been lacking in Swedish PHC settings, 1 23 where the general practitioners (GPs) hardly have time to estimate Cl CG . The aim of the study was to describe the key elements of the design and graphical interface of a renal CDSS, and to evaluate the acceptance of this interface by the primary care physicians at two PHCs in Stockholm.
METHODS AND PATIENTS
Our CDSS application, called 'The renal button' in this pilot, was developed over a period several years with the aim of giving rapid recommendations on the adaption of medication to renal function from the patient's EHR. We initiated the development as part of building the electronic infrastructure for 'Rational Use of Medicines in Stockholm'. 2 From this project, we have experience of CDSS in the Swedish 'Janus' decision support system, 24 including drug-drug interactions control. 25 Our renal CDSS was integrated into the Janus web solution in the EHR to get rapid and reliable advice on the choice of drugs and dosages. 24 
Steering committee
The CDSS project was supervised by a steering committee with participation, for example, from the GP at the first PHC, from the Department of Clinical Pharmacology, Karolinska University Hospital, and from the Stockholm County Council. A medically responsible physician from the latter group could stop the project if it was deemed unsafe for the patients.
The development
The development of the CDSS followed two steps: establishment of the concept and proof of concept (figure 1).
The development was based on four interlinked approaches: a-d a. Estimation of renal function and dosing of drugs The renal function of the participating patients was calculated by an automatic estimation of Cl CG using individual patient data on body weight, age, sex and P-creatinine extracted from patient information in the EHR. 12 The P-creatinine was recalculated from a modified Jaffe method, standardised to isotope-dilution mass spectrometry (IDMS), to uncompensated P-creatinine.
The Cl CG result was visualised with an image of a kidney in three different colours according to the Cl CG value (figure 2A). Advice on how Cl CG should be used as support for individualised pharmacotherapy is shown ( figure 2B When entering the list of prescribed drugs in the patient's EHR, the physician got an automatic alert from the Janus web-based system starting with general guidelines, for example, in a patient with a Cl CG of 34 mL/ min: "The patient has moderate renal failure. Dose reduction should be considered for the following drugs": (figure 2B). 
b. Evidence-based short texts
The texts on selection and adjustment of doses according to the patient's renal function were short and based on classical information. The primary source of information was the systematic list of short advice on drug dosage at decreased renal function from the 1990s to 2002, created by IO-C, and widely used by Swedish physicians and medical students. 26 The information was retrieved from early literature on renal failure and drug dosage, such as by the pioneer Dettli, 14 guidance by Bennett in separate articles, in lists with comments, for example, in Avery's Drug Treatment, with the addition of modern standard work on pharmacokinetics by, for example, Aronoff et al 27 from our database literature research system, 28 and from knowledge of drug pharmacokinetics and pharmacodynamics. The procedure was standardised with a fixed protocol using available literature and being critically analysed for each medication, giving the recommended dosages at normal and reduced renal function in per cent of normal dosage, prolonged dosage interval or both. 14 26 27 29 When needed, information was retrieved from Summary of Product Characteristics (SPC), available at the Swedish Medical Products Agency (http://www.mpa.se) or European Medical Agency (http://www.ema.europa.eu), 30 from systematic literature searches, or from evaluations in the question/answer database 'Drugline' (http://www.drugline.se). 28 31 Clinical experience was considered, making guidance relevant for a busy clinician. The GP at the first PHC suggested drugs, frequently used at the PHC, to be added to the CDSS database (N=166) (see online Supplement 1). c. Technical solution and software integration
The development and installation of the renal CDSS was carried out in 2005-2006 at a PHC in a multidisciplinary collaboration to assure that the decision support was user-adapted and fulfilled aspects related to 'usefulness' and 'perceived easiness to use'. [32] [33] [34] The collaboration was with the software company ProfDoc, being the dominating EHR in PHCs in Sweden around 2005 to 2008. 35 The renal CDSS was designed as a graphical interface in the Janus web window, which is embedded in the EHR (figure 2A). The technical structure was built on earlier implementations of CDSS in the Janus window. The renal support differed from earlier functions by requesting some additional data from the module of laboratory data in the EHR, such as the list of drugs, the patient's age, sex, weight and P-creatinine. Thereby, patient-specific drug dosing advice was made possible on the Cl CG formula. The result was presented to the prescriber in the Janus window ( push level) only if all parameters within a certain time interval were available. If not so, we included a grey colour code of the alert indicating that there is no Cl CG available. When clicking this field, the CDSS informs that body weight and/or P-creatinine are missing, or older than the preset time ( figure 2C, D) . If a patient's drug was not in the database, an alert appeared saying that the GP should see the SPC, or the Physician's Desk Reference (PDR). d. Evaluation of the concept in clinical practice 1. Test of acceptance by prescribing physicians: The first model of the CDSS was tested among home healthcare patients registered at the first PHC. The GP at this PHC participated in the development of the Shown are also the buttons for drugs recommended in pregnancy, and in breastfeeding. The owl is a symbol for 'the wise list' of basic recommended drugs in Stockholm. 3 The degree of renal function is presented in a colour code (white, yellow and red) according to the cut-off points of renal function. The GP must then decide to click the 'renal button' (pull level) and is presented with a selection of drugs on the medication list, for which dosing adjustment might be needed. Four drugs are shown: metformin, doxycycline, morphine and oxazepam. For each of these drugs, a short recommendation is given ("If") automatically after the first click (B). An additional click ("Show more") is required to visualise each of the following short texts ("Why" or "Because"). The "Because" text also includes two references (1 and 2), but could not be shown in this figure. 65 66 In case information is missing, clicking the grey colour 'renal button' will display an alert, indicating which information is missing (C), or outdated (D) and indicating which drugs might be affected in case the information was available, with need for dose adjustments. GFR=creatinine clearance estimated according to the equation of Cockcroft & Gault, absolute values in mL/min. CDSS, suggested improvements, and recommended additional drugs that he wanted to include information about. This evaluation was also a functionality test including an oral report of how the CDSS worked. 2. Test of proof-of-concept: Proof-of-concept was thereafter performed at the second PHC in Stockholm, with a catchment area of 7500 inhabitants. All seven physicians at the centre participated. The project started with a baseline study performed as a pharmacy student project, 8 months before the introduction of the CDSS. A total of 221 patients, 65 years and older, with a P-creatinine above 80 µmol/L, were included. Patients who could be weighed, and thus have their Cl CG estimated, were followed during 12-13 months in 2007-2008. We also compared Cl CG between men and women.
Methods for evaluation of use and usefulness of the CDSS Three different methods were used to be able to evaluate the actual use and physicians' attitudes and perceptions of the CDSS: (1) log files, (2) a questionnaire and (3) group discussion.
Log files:
The evaluation included analysis of a register of log files to see how often and with which parts the CDSS was used. Logged parameters recorded referral to any of the three different levels in the CDSS: the pull for the 'If' level, for the 'Why' level and for the 'Because' level. Loggings were registered anonymously. 2. Questionnaire: The physicians answered an anonymous questionnaire on their experience of the CDSS. Data from the questionnaires were summarised descriptively. 3. Group discussion: All physicians took part in a focus group discussion (FGD). This was used to explore the perceived usefulness of the CDSS and in what way the system can help physicians to improve the quality of drug therapy. We chose this data collection method because group discussions are valuable in examining how people think and how ideas operate within a given cultural context. 36 The FGD started broadly with questions related to the use of the CDSS. Thereafter, the FGD continued by asking more specific questions about the physicians' perceived usefulness of the CDSS (table 1).
The discussion lasted for about 45 min and was audio recorded and transcribed verbatim. The transcribed texts were analysed stepwise according to an inductive thematic analysis without any prior given categories. 37 The primary outcomes were as follows: 1. The GPs' experience of 'easiness to use' and 'perceived usefulness', according to loggings, a questionnaire and a FGD. 2. The number of patients 65 years and older with an estimation of Cl CG before and after the implementation of the CDSS.
Statistics
Cl CG is presented as mean±SD. Student t test was used for comparison of ordinal data. P<0.05 was regarded as significant. Statistics was calculated by Statistica, V.10, (Statsoft Inc, Tulsa, Oklahoma, USA).
RESULTS

Establishment of the concept
The GP at the first PHC found it positive with automatic access to renal function information and advice on dosages at the point of care. At the end of the development, the GP appreciated that the advice was short and visual and that the service was prompt and easy to use. The GP used the CDSS for 143 patients, of whom 123 were more than 65 years old (mean age 81.4 years, range 65-96), could be weighed and were not in terminal condition. In 113 patients (92%), the Cl CG was below 60 mL/min (mean and SD); 38.1±10.8 mL/min.
Proof of concept
All seven GPs at the second PHC took part in the pilot project. 1. The following results were retrieved from logged files ▸ During the test, the seven physicians used the information at level 1 ("If?") 446 times. ▸ On 53 occasions (12%), more information was looked for at level 2 ("Why?"). ▸ On 30 occasions (7%) more information was looked for at level 3 ("Because"). As a comparison, 30 loggings were carried out to the support system of 'Interactions', and on eight occasions to the 'Adverse drug reactions' CDSS system in the Janus window. 
Questionnaire
All seven physicians wanted to continue using the renal support in the future, and all found it valuable and wanted to recommend it to other colleagues (table 2).
The FGD
In the FGD, the seven physicians expressed that the interest to adjust medication to the patient's renal function increased after the test period. They were in agreement that the collected drug information in the Janus window led to more individual medications and dosages than earlier. Changes of doses or drugs were considered if the renal colour button had turned yellow or red. Signs and symptoms and treatment were also evaluated. The possibility to test if a specific drug was suitable for the patient by a test prescription was appreciated.
The physicians used the CDSS as a source of information and strengthening their own knowledge, but not as a pedagogic tool in their work with the patients. The positive comments were about simplicity, speed and possibilities of choice. Individual statements about the use, value of and attitudes to the CDSS are summarised in box 1.
Renal function assessments at the second PHC A total of 221 patients aged 65 years and older had a P-creatinine above 80 µmol/L (15% of all patients). Thirty-one of these patients had died during the study period. Cl CG could eventually be estimated in 89 (47%) of the remaining 190 patients and was 42.7±15.1 mL/min. It differed between women and men and was 35.7±8.9 mL/ min and 47.4±16.6 mL/min, respectively (p<0.001), while P-creatinine did not differ significantly (123±23 µmol/L and 132±34 µmol/L, respectively, p=0.14). Seventy-seven patients (87%; mean age 82.7 years, range 68-96) had Cl CG below 60 mL/min, with 17 of these less than 30 mL/min.
DISCUSSION
The results from this concept study showed that technology enables delivery of useful hands-on information on renal function and on drug treatment in the elderly in a fast and easy way. 23 Such a type of tool has the potential to increase the adequacy of drug treatment, 38 decrease the risk of pharmacological ADRs (type A), and contribute to protecting the renal function. 5 It was well established that Swedish physicians wished for a CDSS for renal function. 39 The GPs reported that time with the patients was mostly too short to estimate the renal function and to find appropriate recommendations on how to adjust drug treatment. Using the Swedish PDR provided limited, and sometimes inconsistent, information. 40 One of the strengths of our CDSS was that the recommendations were given at the point of care. The system had flexibility with short recommendation texts in accordance with wishes from the GPs ( figure 2B ). Only the attending physician with full knowledge about the patient, disease, clinical situation and treatment schedule can adjust pharmacotherapy according to these factors. In evaluations of CDSS in general, the users underline that the information must be short and clear. 3 23 25 The number of participating patients and physicians in our study may seem small, but evaluations of small-scale projects are important tools in the design of an optimal intervention of CDSS that improves healthcare quality. There is a risk that resources are spoiled without such concept studies.
Small-scale projects can thus provide the basis for the further development and broader implementation of pharmacological electronic tools and services. 24 38 Table 2 Questionnaire to seven general practitioners who used the renal button during 13 months at most Our CDSS became a feedback system where decreased renal function of various degrees was visualised and became a patient-specific prescriber and decision support with embedded guidelines, essential to achieve good adherence to recommendations and ensure 'easiness of use'.
1-4 32 A visual format is well appreciated with high adherence to recommendations by busy clinicians. 38 A weakness of our CDSS was that a completely developed system demands that Cl CG can be documented in the EHR. This function was not possible in this pilot version. The EHR product was a closed source proprietary product. However, the technical capabilities of the CDSS functions could be much improved by open interface or open source software.
Another weakness was that we had no evaluation of the effects on the prescribing, but this had been carried out earlier, for example, in a study from 2001. 5 The prescribers using our CDSS were not provided with an alternative recommendation, but they could 'test' alternative medications. In addition, the prescriber always had the possibility to contact us and ask drug-related questions at our Drug Information Center. 28 31 CDSS using intervention groups and control groups have also been studied for patients with renal impairment in long-term care, and in an emergency department. The CDSS improved the prescriptions in the intervention groups in both studies. 41 42 In a review of clinical trials of CDSS, it was found that those which automatically prompted users to action improved the prescribers' performance. 43 In contrast, in our study the prescriber could choose to either use the CDSS or not, and preferred advice that was not demanding but that gave a reminder about renal function in pharmacotherapy.
There are few studies in primary care on the uptake and use of CDSS. In a multifaceted intervention, the software 'DOSING' could not be linked directly to the practices EHR because of incompatibility. 44 In another study, estimated-glomerular filtration rate (eGFR) below 40 mL/min/1.73 m 2 was reported to the pharmacist, who suggested appropriate medication to the physician. 45 In contrast, our CDSS gave detailed recommendations in various degrees of renal impairment to GPs, reachable via the Janus web. 24 In several studies, there were over-rides. The main reason (68%) was 'that the patient has tolerated this drug in the past'. 46 The results demonstrate the need to design CDSSs that are easy to use, pedagogic and with concise information.
A study of GPs in UK, including video filming, showed that the GP experienced several alerts, for example, on potential allergies and intolerance. 4 Frequent alerts at the end of the consultation process may be unwelcome or disturbing and alert fatigue may follow. CDSS alerts should be reduced and follow the work flow of the patient's visit.
A Finnish-Swedish CDSS (Renbase) was used as expert recommendations in a recent Danish observational study. 47 48 This CDSS is used in EHRs at certain hospitals and PHCs in Sweden. 49 The texts are longer than in our CDSS. 50 51 It is debatable which equation of estimation of renal function should be used when prescribing drugs, and if it should be based on creatinine, cystatin C or both. [52] [53] [54] [55] We used the CL CG estimation of creatinine clearance, in accordance with recommendations from the Swedish PDR, and from the Food and Drug Administration (FDA) in the USA. 13 The Cl CG was used in most of the CDSSs on renal failure. 5 44 Other equations, such as the Modification of Diet in Renal Disease (MDRD) and the Chronic Kidney Disease Epidemiology Collaboration (CKD-Epi) equations (eGFR presented in relative values (mL/min/1.73 m 2 )), have been suggested for estimation of renal function, partly because the patient's weight is not required. In our study, the patient's weight for the Cl CG equation was missing in many cases at the beginning. However, significantly more patients had been weighed after 8 months, as an additional advantage also for patients with, for example, diabetes, heart failure and suspected malignancies. Our experience is that the Cl CG formula is more accurate in elderly patients without renal impairment with low muscle mass, and subsequently low P-creatinine values. The estimation will result in low Cl CG , while other formulas will result in high eGFRs and consequently a high dose. [56] [57] [58] [59] [60] This is important, particularly in hospitalised elderly patients. 61 62 Earlier, we found that these relative eGFR values may result in higher doses of dabigatran, valacyclovir and gabapentin, which may increase the risk for Box 1 Quotations from seven physicians at the focus group discussion about the usage of, value of and attitudes to the renal support at the second primary healthcare centre ▸ The individual adjustments of dosages were used in greater extent since the GFR value was given automatically and together with advice on dosages. ▸ Old knowledge became more available with the new technique.
The renal button and the interaction service had reciprocal positive effects on each other. ▸ The "renal button" gave a certain amount of more work, but it was positive because it facilitated the judgment, medication, and increased safety. ▸ You read, correct, and work more preventively, and avoid dangerous situations that could have meant admission to hospital. ▸ It should be simple and clear. You should know at once what to use the information for and what you should do. I think these demands are well filled up with this function. This is information that we simply did not have earlier. ▸ The advice should not be directive but give attention so that they facilitate your own judgment. ▸ The colour marking should remain also after the dose adjustment in order to mark out the patient's renal function. ▸ It is a shortcoming that APO-doses ( pre-dispensed medication) are not integrated into the EHR computer record.
ADRs, particularly in elderly women. 63 Similar results were obtained in a large study of patients with atrial fibrillation (AF) treated with new oral anticoagulants. 64 We have more than 10 years' experience in integrating different CDSSs into various EHR systems, the drugdrug interaction database SFINX, introducing drug recommendations in pregnancy, and in breastfeeding. 25 The renal CDSS is a further step forward. The renal service was more complicated and therefore demanded a clear structure, a simple interface and concise advice presented in a visual way. This is in line with findings in decision-making in intensive care, using visualisation of recommendations with a high rating of performance and preferences. 38 Our concept was developed to be present early in the decision process by being integrated in a patient-doctor joint display screen, which would actively involve the patient in the drug treatment. Our renal CDSS may become a prototype for similar prescribing systems. However, it is essential to create a standard for the most accurate algorithm for estimation of the renal function that should be used. 4 The algorithm should be easily understandable in order to get acceptance among the prescribers, particularly among the growing elderly population. In our two PHC populations with a mean age of 80 years, about 90% had CL CG below 60 mL/min. This is a level of concern for drug prescribing. A further step would be to incorporate the results from therapeutic drug monitoring, and use these data into an improved renal CDSS.
CONCLUSION
The development of our renal CDSS, embedded in the EHR, showed that close collaboration between GPs, a pharmacy student, a research nurse, a behavioural scientist, software developers, nephrologists and clinical pharmacologists resulted in a CDSS with focus on simplicity and visually presented advice. The system aimed to give support to GPs in reaching treatment and, adapt well to renal function, with the lowest possible risk for ADRs. These experiences suggest that the CDSS would be useful in PHCs, particularly in elderly women, where decreased renal function is prevalent and often overlooked. Our model may also be useful for other similar CDSSs.
